Abstract. For the purpose of extensive utilization of powder metallurgy to micro/nanofabrication of materials, the micro gear was prepared by a novel method, named as microforming fields activated sintering technology (Micro-FAST). Surface-cleaning of particles, especially during the initial stage of sintering, is a crucial issue for the densification mechanism. However, up to date, the mechanism of surface-cleaning is too complicated to be known. In this paper, the process of surface-cleaning of Micro-FAST was studied, employing the high resolution transmission electron microscopy (HRTEM) for observation of microstructure of micro-particles. According to the evolution of the microstructure, surface-cleaning is mainly ascribed to the effect of electro-thermal focusing. The process of surface-cleaning is achieved through rearrangement of grains, formation of vacancy, migration of vacancy and enhancement of electro-thermal focusing.
Introduction
Micro-forming fields activated sintering technology (Micro-FAST) is a creative micro-fabrication method wherein loose powders is directly loaded into mold and then heated by AC current at vacuum atmosphere [1, 2] . According to the characteristics of low voltage (3-8 V) and large current (3-30 × 103 A) demanded by Micro-FAST, the powders system are heated by Joule heat with uniform and rapid heating. Meanwhile, the densification of powder systems are accomplished under the coupling effect of electric field, thermal field and stress field, especially under relatively low sintering temperature at a short time , as shown in Fig. 1 . Micro-FAST can be used for fabricating the micro-components with a variety of material systems, for instance, copper, Mn-Zn ferrite and 316L stainless steel [2] [3] [4] [5] [6] . It is worth noting that Micro-FAST exhibits many merits, such as low sintering temperature, short sintering time and restraining grain growth, compared to the conventional sintering method. Many studies have shown that the parameters of sintering temperature, heating rates and pressure play a key role in the densification process [7] [8] [9] [10] [11] [12] . In fact, the particles of powder are covered by oxides or other contaminants initially, which would affect the formation and growth of neck during the process of thermodynamics and kinetics [13] . For the process of surface-cleaning during field assisted sintering technology, various mechanisms have been proposed. For instances, the plasma activation step efficiently removes impurities and/or oxide layers prior to rapid densification during plasma activated sintering (PAS) [14] . Moreover, in spark plasma sintering (SPS), it is suggested that dielectric breakdown of an oxide film between surfaces of particles induced the surface-cleaning [15] [16] [17] [18] . From above discussion, one can see that Micro-FAST is different from SPS [19] [20] [21] , PAS [22, 23] and EDS [24, 25] , etc., in the heating rates, electric current and applied pressure, so that, it is necessary to study the formation and growth of neck during the Micro-FAST.
MATEC Web of Conferences
In present work, the electrothermal focusing was proposed for explanation of microstructure evolution and surface-cleaning in Micro-FAST, induced by high density of electric filed and thermal field in the contact area of inter-particles. The evidence of surface cleaning mechanism for the fine copper powders is provided by HRTEM image which directly confirmed the cleaning process.
Experimental methods
Copper powders with an average particle size of 500nm and a purity of 99.5% were used in Micro-FAST, and Fig. 2 shows the scanning electron micrographs of the copper powders. The loose powders exhibited good roundness while oxide layer had existed due to ultrafine particles can be oxidized easily and unavoidably, which have an important impact on the densification process.
The sintering process was carried out in Gleeble-1500D thermal simulation instrument (Dynamic System Inc, USA). Copper powders were directly loaded into die, and then pressure of 75 MPa was applied to the powders through two punches connected to electrodes of the Gleeble-1500D thermal simulation instrument, providing a high AC current through the powders. The whole experimental process could be generally described as following four steps: 1) At the beginning, copper powders were heated up to 200
• C at a heating rate of 20 • C/s; 2) and then the temperature was maintained for 30 s in vacuum (<10 − 4 Pa); 3) next, the powders were heated to 600
• C with a heating rate of 50 • C/s; 4) finally, the specimen was cooled down to 300
• C with a cooling rate of 20 • C/s. Furthermore, (3) and (4) steps should be repeated for five times. The fracture morphologies of micro-gear were observed by SEM (S4800). Then thin foil specimens were cut out from the sintered specimens, and specimens for HRTEM were prepared using a standard technique involving polishing and dimpling. Microstructure at the interfaces between Cu powder particles in the compacts was carried out using a JEM-2010F transmission electron microscope operated at 200 kV.
Results and discussion
The characteristic microstructures of copper nanoparticles during Micro-FAST obtained for different sintering stages are shown in Fig. 3 . One can see that: (1) in the initial stage of Micro-FAST, loose copper nanoparticles were randomly distributed in the graphite mold ( Fig. 3(a) ). The powder system has weak conductivity at this stage under the couple effect of electric field and pressure field; (2) then, plastic deformation was occurred between the inter-particles and the role of electric field became appreciable, as shown in Fig. 3(b) . The electric current will mainly pass through the powders, and the Joule heat will be generated due to the high contact resistance at the inter-particles; (3) from Fig. 3(c) , it clearly provided that the coupling of electric field and thermal field between contact particles, indicating that the occurrence of local high temperature between the particles. Correspondingly, the local temperature is sufficient for local melting between copper nano-particles, resulting in the molten copper liquid. The diffusion between the particles, accelerated by the liquid phase, further generated the sintering neck and enhanced the connection, as shown in Fig. 3(d) . Figure 4 illustrates the microstructure of the samples obtained by HRTEM. Firstly, one can see that the particle surfaces are coated by oxide layer with a thickness of ∼20 nm before applied external fields. According to the evolution of the microstructures, the process of surface cleaning can be divided into four stages: (I) rearrangement of grains, rearrangement of loose powders occurred under the effect of stress field and residual gas was expelled from the powders by vacuuming while the effect of electric field was weak; (II) formation of vacancy, The elastic, even with plastic, deformation of particles, induced by applied pressure, resulted in the contact of surface oxide-layer and further formed the vacancy between the particles; (III) migration of vacancy, as the particles contact with each other, the large density electric current can induce Joule heating in interfaces of contacted particles, enhancing the migration of vacancy from the boundary to inner of particles. During this stage, the vacancy, full filled with air, would disappear, ascribed to the escape of air; and (IV) enhancement of electro-thermal focusing, with the elimination of the oxide layer, contact resistance between the particles is reduced. The current will directly pass through the grain boundary and generate a large amount of Joule heat, consistent with the description in Fig. 3(d) .
As above discussion, the effect of electro-thermal focusing is a kinetics process driven by both electric field and thermal field. To further depict the surface-cleaning process during the Micro-FAST, the schematic process is provided in Fig. 5 . From the Fig. 5(a) , the ultrafine copper particles is easily oxidized, that is to say, the raw materials (Cu) are covered with oxide layer(CuO or Cu 2 O) [26] . The Particle contact, induced by the combination of thermal field, pressure field and electric field, here 10002-p. 4 ICNFT 2015 mainly refers to the exposure of oxide layer (Fig. 5(b) ). With the increase of the sintering temperature, the local resistivity is changed due to the broken oxide-layer, resulting in local high temperature benefiting from joule heat. The appearance of liquid phase further accelerates the breakdown of oxidelayer and diffusion of atoms [27] . Correspondingly, local high temperature and the liquid phase further the formation of the sintering neck.
Conclusions
Taking the Cu powder for instance, the model of surface cleaning process during Micro-FAST is presented based on the directly experimental evidence of surface oxide-mainly ascribed to the effect of electro-thermal focusing. During the Micro-FAST, the contact of oxide layer induced by applied pressure occurs at the beginning, and then with the increase of temperature, the oxide layer was partially broken, resulting in the decrease of contact resistance. This phenomenon further causes local high temperature and liquid phase. And the combination of electric, thermal and stress filed accelerates the diffusion of atoms and formation of neck. The whole process could be confirmed by the HRTEM images. This study provided a clear description of a surface cleaning mechanism through electro-thermal focusing, which is an initial but a fundamental understanding of the mechanism for surface-cleaning in Micro-FAST.
